.-Our recent publication showed that pharmacological blockade of arginases confers kidney protection in diabetic nephropathy via a nitric oxide (NO) synthase (NOS)3-dependent mechanism. Arginase competes with endothelial NOS (eNOS) for the common substrate L-arginine. Lack of L-arginine results in reduced NO production and eNOS uncoupling, which lead to endothelial dysfunction. Therefore, we hypothesized that L-arginine or L-citrulline supplementation would ameliorate diabetic nephropathy. DBA mice injected with multiple low doses of vehicle or streptozotocin (50 mg/kg ip for 5 days) were provided drinking water with or without L-arginine (1.5%, 6.05 g·kg Ϫ1 ·day Ϫ1 ) or L-citrulline (1.66%, 5.73 g·kg Ϫ1 ·day Ϫ1 ) for 9 wk. Nonsupplemented diabetic mice showed significant increases in albuminuria, blood urea nitrogen, glomerular histopathological changes, kidney macrophage recruitment, kidney TNF-␣ and fibronectin mRNA expression, kidney arginase activity, kidney arginase-2 protein expression, and urinary oxidative stress along with a significant reduction of nephrin and eNOS protein expression and kidney nitrite ϩ nitrate compared with normal mice after 9 wk of diabetes. Surprisingly, L-arginine or L-citrulline supplementation in diabetic mice did not affect any of these parameters despite greatly increasing kidney and plasma arginine levels. These findings demonstrate that chronic L-arginine or L-citrulline supplementation does not prevent or reduce renal injury in a model of type 1 diabetes.
EACH YEAR, Ͼ100,000 Americans are diagnosed with kidney failure (30) , with over 25% of Medicare spending ($42 billion) going to treat kidney disease. As of 2012, although nearly 30 million Americans (13% of the population) had the diagnosis of chronic kidney disease, most people were unaware (undiagnosed) that they had it (30) . The most common cause of kidney failure is diabetes, which accounts for nearly 44% of new cases each year (30) . Early alterations in diabetic kidneys include the development of glomerular hyperfiltration and hypertrophy followed by thickening of the glomerular basement membrane, mesangial matrix accumulation, increased urinary albumin excretion rate, and, ultimately, the progression to glomerular sclerosis and end-stage renal failure. Current therapies, including blood pressure and glucose control and other lifestyle changes, have been only modestly successful in delaying the progression of renal failure. Thus, it is important to identify pharmacotherapeutics that will prevent or slow down the development and progression of diabetic kidney disease.
Alterations in endothelial function are a common underlying event for vascular abnormalities observed in patients with diabetes. Endothelial dysfunction, characterized by reduced bioavailability of nitric oxide (NO) and increased oxidative stress, is a hallmark characteristic in diabetes (13) and diabetic nephropathy (DN) (15) . NO is produced from L-arginine (LArg) by NO synthases (NOSs). Under conditions of low arginine levels or hyperglycemia, endothelial NOS (eNOS) is uncoupled, producing ROS and oxidative stress in lieu of NO (8, 34) . Recently, low or lack of eNOS has been shown to exacerbate DN (32, 39) . Therefore, elucidating the basis for vascular dysfunction in DN is critical (4) .
Arginine is also the substrate of arginase, which produces ornithine (Orn) and urea. Thus, both NOS and arginase compete for L-arginine, raising the possibility that arginase may play a role in NO deficiency in diabetes. In fact, our recent publication (23) showed that pharmacological blockade or genetic deficiency of arginase-2 confers kidney protection in diabetic mouse models. We further showed that arginase inhibition mediates renal tissue protection in DN via an eNOSdependent mechanism (37) . These findings provided the rationale for the hypothesis that increasing arginine bioavailability may prevent or reduce the progression of DN.
Although oral supplementation with L-Arg can increase plasma L-Arg levels, oral supplementation with L-citrulline (L-Cit), a precursor for arginine biosynthesis, has been shown to be more efficient than oral L-Arg in increasing plasma L-Arg concentration (25) , due to splanchnic catabolism of ingested L-Arg (10, 33) . Some, but not all, reports have indicated that oral L-Arg or L-Cit supplementation may enhance NO-mediated cardiovascular function (3, 6) . Moreover, several published reports have shown that increasing arginine availability in cultured cell models or by supplementation in vivo was able to overcome the effects of arginase and to enhance NO synthesis (5, 19, 29) , suggesting that L-Arg or L-Cit supplementation may be beneficial in the case of DN. However, the efficacy of L-Arg or L-Cit supplementation in the progression of DN is not completely clear.
In this report, we show that oral supplementation with L-Arg or L-Cit did not prevent or reduce diabetic renal injury despite greatly increasing kidney and plasma arginine levels.
MATERIALS AND METHODS
Animal model. As recommended by the NIH Animal Models of Diabetes Complication Consortium (AMDCC) (7, 9), 6-wk-old male DBA/2J mice (Jackson Laboratory, Bar Harbor, MN) were injected by streptozocin (STZ; Sigma, St. Louis, MO) via intraperiteneal injection at a dose of 50 mg/kg body wt for 5 consecutive days to induce diabetes. After 9 wk of diabetes, all mice were euthanized. Mouse plasma and 24-h urine were collected, and kidneys were removed for further study. All animal experiments were approved by the Institutional Animal Care and Use Committee of Pennsylvania State University College of Medicine.
Amino acid administration. L-Arg (1.5%, pH 6.93, Sigma) or L-Cit (1.66%, pH 7.28, Sigma) in drinking water was used for oral supplementation for 9 wk. All mice had free access to drinking water.
Systolic blood pressure measurements. The CODA blood pressure system (Kent Scientific, Torrington, CT) was used to measure systolic blood pressure as previously described (23, 37) . Mice were allowed to rest quietly for 15 min at room temperature before blood pressure measurements. All measurements were performed at the same time for all groups to prevent any diurnal variations.
Histology and immunohistochemistry. Mouse kidney tissues were fixed in 10% formalin and embedded in paraffin. Three-micrometer sections were cut. Periodic acid-Schiff (PAS) staining was performed in kidney sections as previously described (1, 23, 37) . All glomeruli were examined at ϫ40 in a blinded manner. Images were taken with an Olympus BX51 microscope and DP71 digital camera using Microsuite Basic 2.6 image software. Images were obtained with a ϫ100 (oil) objective with a total magnification of ϫ1,000. Semiquantitative scores (0 -4ϩ) were assigned based on the masked readings. Mesangial matrix expansion or sclerosis was scored as previously described (23, 37) . Immunohistochemistry was performed on paraffin-embedded sections with anti-mouse Mac-2 antibody (clone M3/38, Cedarlane, Burlington, NC) as previously described (23, 37) .
Analytic methodology. As previously described (23, 37) , the urine albumin concentration was measured by ELISA using an Albuwell M kit (Exocell, Philadelphia, PA), urine creatinine was determined using a Creatinine Liquid Reagents Assay kit (Diazyme Laboratories, Poway, CA), blood urea nitrogen was determined using Vitros DT6011 chemistry slides (Ortho-Clinical Diagnostics, Rochester, NY), and body composition was measured using LF90 Minispec Time Domain Nuclear Magnetic Resonance Spectrometer (Burker Optics, Billerica, MA). Urinary thiobarbituric acid-reactive substance (TBARS) levels, which are recommended by the AMDCC (http://www.amdcc.org/ shared/showFile.aspx?doctypeidϭ3&docidϭ33) as an index of oxidative stress in DN, were determined as previously described (20) .
Kidney amino acid assay. Mouse kidneys were homogenized in 300 l of 3 M perchloric acid (Fisher Scientific, Fair Lawn, NJ) per 100 mg of tissue. After centrifugation at 4°C, supernatants were used for the amino acid assay (37) .
Plasma amino acid assay. Frozen plasma samples were thawed and vortexed, and 5 l internal standard was spiked into 10 l of each plasma sample. Subsequently, 30 l methanol was added followed by centrifugation at 9,000 rpm for 10 min to precipitate proteins. The supernatant was further cleaned up by solid phase extraction using a 1-ml MCX cartridge as follows: the cartridge was preconditioned with methanol and water, and, after being loaded with the supernatant, the cartridge was washed with 2% formic acid and methanol and then eluted with 5% NH4OH in 50% methanol. The purified sample was evaporated to dryness and then reconstituted in 25 l of 5 mM heptafluorobutyric acid. Reconstituted samples were then analyzed by a liquid chromotography-mass spectroscopy system (Waters, Milford, MA) in the MS core facility at Penn State College of Medicine.
Quantitative RT-PCR. Total RNA was isolated using Tri reagent (Molecular Research Center, Cincinnati, OH) per the manufacturer's instructions. Single-strand cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA) for two-step RT-PCR. Quantitative PCR was performed in an Eppendorf Mastercycler pro system using a Taqman gene expression assay (fibronectin: Mm01256744_m1 and TNF-␣: Mm00443260_g1). GAPDH mRNA (GAPDH: Mm99999915_g1) was used as an internal reference. Data
on plasma levels of L-Arg and arginine metabolites in diabetic mice. Streptozocin (STZ)-induced diabetic mice were fed with L-Arg or L-Cit as indicated in drinking water for 9 wk. Drinking water was used in the control (normal) group. Plasma L-Arg (A), L-Cit (B), ornithine (Orn; C), and L-Arg-to-Orn ratio (D) assays were performed using a liquid chromatography-mass spectrometry system. Results are presented as means Ϯ SE. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.0001 compared with normal mice; #P Ͻ 0.01 and ##P Ͻ 0.001 compared with nonsupplemented diabetic mice.
were analyzed using the 2 Ϫ⌬⌬CT equation, where CT is threshold cycle (1, 23, 36) .
Western blot analysis. Kidney tissues were homogenized in lysis solution (0.1% Triton X-100) supplemented with protease inhibitor cocktail tablets (Roche). A BCA protein assay (Thermo Fisher Scientific) was used to determine protein concentration. Fifteen micrograms of kidney lysates were separated on a NuPAGE 4ϳ12% Bis-Tris gel (Invitrogen), and separated proteins were transferred onto a polyvinylidene difluoride membrane (Invitrogen). All gels were run with a set of molecular weight markers (SeeBlue Plus2 Pre-Stained Standard, catalog no. LC5925, Life Technologies). Membranes were cut into half to allow independent probing for large proteins [nephrin, eNOS, inducible NOS (iNOS), or neuronal NOS (nNOS)] in the upper portion of the membrane and smaller proteins (arginase-2, ␤-actin, or GAPDH) in the lower portion of the membrane. After being blocked using 5% nonfat dry milk, membranes were incubated with primary antibody overnight at 4°C followed by incubation with appropriate secondary antibody for 1 h at room temperature. Membranes were probed with primary antibodies to arginase-2 (1:500, catalog no. sc-20151, Santa Cruz Biotechnology), eNOS (1:1,000, catalog no. ab76198, Abcam), iNOS (1:500, catalog no. ab3523, Abcam), nNOS-␤ (1:500, catalog no. sc-648, Santa Cruz Biotechnology), nephrin (1:500, catalog no. 20R-NP002, Fitzgerald Industries), ␤-actin (1:5,000, catalog no. A5441, Sigma-Aldrich), or GAPDH (1:1,000, catalog no. 5174S, Cell Signaling Technology). The secondary antibody used for the detection of arginase-2, iNOS, nNOS-␤, and GAPDH was anti-rabbit horseradish peroxidase (HRP)-conjugated IgG (1:3,000, catalog no. 7074S, Cell Signaling Technology); for eNOS and ␤-actin, the secondary antibody was anti-mouse HRPconjugated IgG (1:3,000, catalog no. 7076S, Cell Signaling Technology); and for nephrin, the secondary antibody was anti-guinea pig HRP-conjugated IgG (1:2,000, catalog no. 43R-1096, Fitzgerald Industries). In some cases, membranes were stripped and reprobed to allow the quantification of multiple proteins from the same blot. Membranes were developed using enhanced chemiluminescence solutions (Thermo Fisher Scientific) followed by exposure to X-ray film. Densitometry was performed using ImageJ (National Institutes of Health, http://rsbweb.nih.gov/ij/index.html) as previously described (23, 37) .
Kidney arginase activity assay. Kidney lysates were prepared in lysis solution (0.1% Triton X-100) supplemented with protease inhibitors. Arginase activity was measured as previously described (23, 37) .
Kidney nitrate ϩ nitrite assay. Kidneys were homogenized in PBS (pH 7.4). After centrifugation at 4°C, supernatants were transferred to a clean tube and used for protein assays to measure protein concentration and nitrate ϩ nitrite assays using a Nitrate/Nitrite Colorimetric Assay Kit (catalog no. 780001, Cayman Chemical, Ann Arbor, MI) according to the manufacturer's instructions.
Statistical analysis. Comparisons between groups were examined using SPSS (version 19.0) software for Windows (SPSS, Chicago, IL). Data are expressed as means Ϯ SE. One-way ANOVA was used when more than two groups were compared, and the significance of observed differences among the groups was evaluated with a leastsignificant-difference post hoc test. Statistical significance was identified at P Ͻ 0.05.
RESULTS

Effect of oral L-Arg or L-Cit supplementation on plasma and tissue levels of L-Arg and arginine metabolites in diabetic mice.
To assess the possible role of oral L-Arg or L-Cit supplementation on the pathogenesis of DN, male DBA/2J mice were used to generate type 1 diabetes. Diabetic mice were provided drinking water with or without L-Arg or L-Cit supplementation for 9 wk. First, the impact of oral L-Arg or L-Cit supplementation on levels of L-Arg and its metabolites was evaluated by measuring amino acid levels in the plasma and kidney after 9 wk of diabetes. Plasma L-Arg levels were significantly reduced in nonsupplemented diabetic mice compared with control nondiabetic mice (Fig. 1A) . In contrast, plasma L-Cit and Orn levels significantly increased compared with normal mice (Fig.  1, B and C) . Oral L-Arg supplementation greatly increased plasma L-Arg and Orn levels (Fig. 1, A and C) but had no effect on plasma L-Cit levels (Fig. 1B) mented diabetic mice. Oral L-Cit supplementation not only increased plasma L-Cit levels (Fig. 1B) but also plasma L-Arg (Fig. 1A) and Orn (Fig. 1C ) levels in diabetic mice compared with nonsupplemented diabetic mice. As L-Arg and Orn compete for cellular uptake via the yϩ transport system (12), the plasma L-Arg-to-Orn ratio provides an approximation of the relative efficiency of L-Arg uptake compared with that of L-Orn. The value of plasma L-Arg/Orn plummeted in diabetic mice but was modestly increased by supplementation with L-Arg and strongly enhanced by supplementation with L-Cit, to ϳ60% of the value in nondiabetic mice (Fig. 1D ).
In the kidney, levels of L-Arg, L-Cit, and Orn were not significantly altered in diabetic mice (Fig. 2, A-C) . L-Arg and L-Cit supplementation were equally effective in greatly increasing L-Arg levels in the kidney above levels in both normal and nonsupplemented diabetic mice ( Fig. 2A) . Both L-Arg and L-Cit supplementation increased L-Orn levels in the kidney, but the increase was much less with L-Cit supplementation (Fig.  2C) . Whereas L-Arg supplementation had no significant effect on kidney L-Cit levels, L-Cit supplementation resulted in large increases in kidney L-Cit levels (Fig. 2B) .
L-Arg or L-Cit supplementation did not affect characteristics of DN. As shown in Table 1 , nonsupplemented diabetic mice had increased blood glucose levels, increased water consumption, decreased body weight, decreased body fluid composition, and an increased kidney weight-to-body weight ratio compared with normal mice. L-Arg or L-Cit supplementation did not affect any of these parameters despite highly elevated L-Arg levels in the plasma and kidney (Figs. 1 and 2) . Importantly, there were no changes in blood pressure between all groups.
L-Arg or L-Cit supplementation did not prevent diabetic renal injury. To determine whether L-Arg or L-Cit oral supplementation had any effect on diabetic kidney function, urine samples were collected to measure 24-h urinary albumin excretion rates and albumin-to-creatinine ratios as indicators of renal injury after 9 wk of diabetes. Nonsupplemented diabetic mice exhibited an increased urinary albumin excretion rate (Fig. 3A) , albumin-to-creatinine ratio (Fig. 3B) , and plasma creatinine (Table 1) (2, 18, 37) . Our data showed that renal TNF-␣ mRNA levels were significantly increased in diabetic mice (Fig. 5A ). Both L-Arg and L-Cit supplementation failed to reduce renal TNF-␣ mRNA levels compared with nonsupplemented diabetic mice. Expression of fibronectin, a biomarker of tissue fibrosis, was also used to determine the role of L-Arg or L-Cit in DN. Similar to results with TNF-␣ mRNA, renal fibronectin mRNA levels significantly increased in nonsupplemented diabetic mice, and L-Arg or L-Cit supplementation also failed to reduce fibronectin mRNA levels in the diabetic mouse kidney (Fig. 5B) .
L-Arg or L-Cit supplementation did not prevent increases in renal TNF-␣ or fibronectin expression in diabetic mice. TNF-␣ plays an important role in inflammatory diseases and DN
L-Arg or L-Cit supplementation did not prevent increases in renal arginase activity or arginase-2 protein expression in diabetic mice. Our previous data showed that renal arginase activity and arginase-2 protein expression are increased in diabetic mouse kidneys compared with normal mouse kidneys (37) . In the present study, we determined whether L-Arg or L-Cit supplementation would affect arginase activity and/or arginase-2 protein expression in the diabetic kidney. Consistent with our previous study, renal arginase activity (Fig. 6A ) and arginase-2 protein expression (Fig. 6B ) in nonsupplemented diabetic mice were significantly elevated compared with normal mice. Interestingly, L-Arg or L-Cit supplementation had no significant effect on kidney arginase activity or arginase-2 protein expression compared with nonsupplemented diabetic mice.
L-Arg or L-Cit supplementation did not prevent reductions in nephrin protein expression in diabetic mice.
Nephrin is a component protein in the slit diaphragm, which plays a pivotal role in maintaining kidney function, and decreased nephrin expression is associated with albuminuria. As shown in 
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Mac-2 Fig. 4 . L-Arg or L-Cit supplementation did not improve renal histological changes or glomerular macrophage infiltration in diabetic mice. After 9 wk of diabetes with L-Arg or L-Cit supplementation as indicated, mice were euthanized and mouse kidneys were removed. Left: paraffin-embedded mouse kidney sections were performed with periodic acid-Schiff (PAS) staining, and images were taken with a ϫ100 (oil) objective with a total magnification of ϫ1,000. Semiquantitative scores (0ϳ4ϩ) were assigned based on the masked readings, where 0 ϭ no lesion and 1, 2, 3, and 4ϩ ϭ mesangial matrix expansion or sclerosis involving Յ25%, 25ϳ50%, 50ϳ75%, or Ͼ75% of the glomerular tuft area, respectively. Right: glomerular macrophage recruitment was visualized by immunohistochemical staining using Mac-2 antibody at week 9 after STZ-induced diabetes. is also important to note that renal eNOS expression was elevated twofold above control values in diabetic mice treated with the arginase inhibitor S-(2-boronoethyl)-L-cysteine (37) . Thus, the effect of increased renal arginase 2 in diabetes was not due merely to reducing substrate levels for eNOS but to reducing eNOS expression. As expected from previous studies, eNOS protein expression was significantly decreased in the nonsupplemented diabetic mouse kidney compared with the normal mouse kidney (Fig. 8) . However, unlike the results obtained with arginase inhibition, L-Arg or L-Cit supplementation did not prevent the decrease in renal eNOS protein expression.
We also evaluated the impact of supplementation on renal expression of iNOS and nNOS (Fig. 9) . Our data show that diabetes resulted in increased renal levels of iNOS, and the elevated levels were unaffected by supplementation with either L-Arg or L-Cit (Fig. 9A) . Since nNOS has several splice variants expressed in the kidney, we used a COOH-terminalspecific antibody that can detect both nNOS-␣ and nNOS-␤ splice variants. The brain tissue lysate was used as a positive control for nNOS-␣. While we could not detect nNOS-␣ in the kidney, expression of nNOS-␤ was not significantly different between all groups (Fig. 9B) .
Reduced NO bioavailability plays an important role in diabetic renal injury (13, 15) . To elucidate the role of L-Arg or L-Cit supplementation on NO bioavailability, kidney nitrate ϩ nitrite was assayed as a measure of NO status. As shown in Fig.  10 , the renal nitrate ϩ nitrite concentration was significantly decreased in nonsupplemented diabetic mice. Surprisingly, oral supplementation of L-Arg or L-Cit failed to restore renal NO production in diabetic mice, as indicated by similar kidney nitrate ϩ nitrite concentrations in supplemented and nonsupplemented diabetic mice.
L-Arg or L-Cit supplementation did not prevent increases in an indicator of oxidative stress in diabetic mice. Urinary TBARS was measured as an indicator of oxidative stress. As previously reported (37) , levels of urinary TBARS in diabetic mice were more than double the levels in normal mice (Fig. 11) . Surprisingly, these levels were not reduced by L-Arg or L-Cit supplementation but were further enhanced.
DISCUSSION
Because NO plays a critical role in renal blood flow regulation, glomerular filtration rate, and renin and angiotensin generation and reabsorption (11) , decreased NO bioavailability is considered to be an important factor in DN (15) . Consistent Fig. 6 . L-Arg or L-Cit supplementation did not affect kidney arginase activity or arginase-2 protein expression in diabetic mice. Mouse kidney tissue lysates were prepared after 9 wk of STZ-induced diabetes with or without L-Arg or L-Cit supplementation as indicated. Arginase activity (A) was measured as described in MATERIALS AND METHODS. Western blot analysis was performed to detect arginase-2 protein. The membrane was then stripped and reprobed to measure ␤-actin as a loading control. Quantification was performed by densitometry followed by normalization to ␤-actin (B). Data are presented as means Ϯ SE; n ϭ 4 -8 mice/group. *P Ͻ 0.05 compared with the normal group. A representative Western blot is shown in this figure and in subsequent figures. Fig. 7 . L-Arg or L-Cit supplementation did not restore renal nephrin protein expression in diabetic mice. Kidney nephrin expression was detected using Western blot analysis at week 9 after STZ-induced diabetes. ␤-Actin was used as a loading control. Quantification was performed by densitometry followed by normalization to ␤-actin. Data are presented as means Ϯ SE; n ϭ 4 -6 mice/group. *P Ͻ 0.05 compared with the normal group. with this view, decreased eNOS expression (32) or genetic depletion of eNOS (39) has been reported to exacerbate DN. Moreover, we have demonstrated that pharmacological blockade or genetic deficiency of arginase-2 confers kidney protection in diabetic mouse models (23) and that this effect is eNOS dependent (37) . Since reduced L-Arg bioavailability has been associated with eNOS dysfunction, L-Arg or L-Cit supplementation are potential modalities to restore L-Arg levels and thus improve endothelial dysfunction. For example, in a rat model of chronic renal failure, L-Arg supplementation was beneficial, as evidenced by decreased blood pressure and decreased urinary protein excretion (35) . However, the efficacy of L-Arg or L-Cit supplementation in a long-term type 1 diabetic mouse model is not completely clear.
In the present report, we examined the effect of oral supplementation of L-Arg or L-Cit in DN using STZ-induced type 1 diabetic mice. As expected, oral L-Arg or L-Cit supplementation greatly increased kidney and plasma L-Arg levels. To evaluate the effect of supplementation on diabetic renal function and markers of injury, multiple parameters were measured. In diabetic mice, albuminuria and blood urea nitrogen were significantly elevated compared with normal mice. These changes were associated with increased kidney macrophage recruitment, histological changes, and increased expression of TNF-␣ and fibronectin. Nephrin, a slit diaphragm component, is a very important protein in the pathophysiology of proteinuria (38) . It has been previously reported that, compared with nondiabetic patients, nephrin protein expression was significantly reduced in diabetes (17) . In the present study, we showed that nephrin protein expression was downregulated in the diabetic mouse kidney. Next, we examined the role of L-Arg or L-Cit supplementation in glomerular macrophage infiltration and kidney TNF-␣ mRNA expression. Macrophages are crucial in the progression of chronic inflammation through the secretion of multiple cytokines, such as TNF-␣ (27), IL-1 (28) , and monocyte chemotactic protein-1 (14, 26, 31) , and we have previously shown that glomerular macrophage infiltration is increased in diabetic kidneys (36) . TNF-␣ is mostly secreted by macrophages and is elevated in the diabetic kidney. Despite greatly elevating L-Arg levels in the plasma and kidneys, oral L-Arg or L-Cit oral supplementation failed to prevent or ameliorate any of these markers of diabetes-induced kidney injury.
Endothelial dysfunction associated with reduced NO bioavailability has been strongly indicated as a critical factor in DN (13, 15) , and we have previously established the importance of renal arginase-2 and eNOS in DN (23, 37) . Because L-Arg supplementation increased kidney eNOS protein expression in chronic renal failure (15), we evaluated the impact of L-Arg supplementation on renal arginase, eNOS, and NO production (as measured as levels of nitrate ϩ nitrite in the kidney). We confirmed previous results showing increased renal arginase activity and arginase-2 expression in diabetes as well as reduced eNOS expression. In the present study, we also showed that diabetes resulted in increased renal expression of iNOS but not nNOS-␤ and that the expression levels seen in diabetes were unaffected by supplementation with L-Arg or L-Cit. nNOS has several splice variants expressed in the kidney, especially in the collecting duct and macula densa (16, 21) . Hyndman et al. (16) have shown that nNOS-␤ in the collecting duct is critically important for blood pressure regulation, and Lu et al. (21) have shown the importance of nNOS-␤ in the macula densa. Similar to Hyndman and colleagues (16), we could not detect nNOS-␣ in the kidney, whereas it was highly expressed in brain tissue lysate as a positive control.
We also showed decreased NO bioavailability in the diabetic kidney as measured by nitrate ϩ nitrite. However, L-Arg or L-Cit supplementation failed to have any beneficial effect on any of these parameters of arginine/NO metabolism, in striking contrast to the beneficial results obtained with inhibition of arginase (23, 37) . In this regard, it has been noted elsewhere that supplementation to increase L-Arg availability does not always enhance NO-mediated effects (3, 6) .
In summary, our data demonstrate that oral L-Arg or L-Cit supplementation did not prevent or reduce any markers of renal injury in STZ-induced type 1 diabetes, despite successfully increasing L-Arg levels in the plasma and kidney. There are several possible explanations for the failure of oral supplementation of L-Arg and L-Cit in the treatment of DN. For example, our results may indicate that cellular uptake of L-Arg in affected renal cells, particularly those expressing eNOS, may be impaired. The plasma L-Arg concentration in normal mice is ϳ100 M, which is in the K m range of 100 -160 M for cellular uptake of L-Arg via the yϩ and yϩL transport systems (12) . As L-Arg and Orn compete for cellular uptake with equivalent efficiency, significant reductions in the plasma LArg-to-Orn ratio would be expected to result in a reduction in relative efficiency of cellular arginine uptake. In this regard, it is important to note that L-Cit supplementation restored the L-Arg-to-Orn ratio to a significant fraction of the normal value. Also, large absolute increases in plasma L-Arg concentration well above the K m of the transport system, even with reductions in the plasma L-Arg-to-Orn ratio, would still be expected to enhance cellular uptake. In any case, supplementation with either L-Arg or L-Cit enhanced the plasma L-Arg-to-Orn ratio above the level in diabetic mice, particularly in the case of L-Cit supplementation, and increased uptake was indicated by the increased levels of L-Arg in kidney tissue after supplemen- Fig. 9 . L-Arg or L-Cit supplementation did not restore renal inducible nitric oxide synthase (iNOS) or neuronal nitric oxide synthase (nNOS)-␤ protein expression in diabetic mice. Kidney iNOS (A) and nNOS-␤ (B) protein expression in tissue lysates was detected by Western blot analysis after 9 wk of STZ-induced diabetes. ␤-Actin or GAPDH was used as a loading control protein, and brain tissue lysate was used as a positive control for nNOS-␣ in B. Quantification was performed by densitometry followed by normalization to ␤-actin or GAPDH. Data are presented as means Ϯ SE; n ϭ 4 -5 mice/group. *P Ͻ 0.05 compared with the normal group. tation with L-Arg or L-Cit. However, we cannot exclude the possibility that L-Arg uptake was impaired in a subpopulation of cells expressing eNOS, which would not be apparent from measurements of L-Arg in bulk kidney tissue. Alternatively, diabetes may lead to altered subcellular compartmentation of enzymes or other proteins in the arginine/NO pathway that result in a lack of response to increases in extracellular L-Arg. Finally, it is important to consider the possibility that the diabetic renal complications may not be associated with depletion of arginine but with arginase-dependent production of some downstream metabolite(s), such as polyamines (22) . This would be consistent with the differences in results obtained with arginase inhibition versus supplementation with L-Arg or L-Cit. Moreover, if the production of downstream metabolites rather than arginine depletion is important in diabetic renal pathology, this raises a concern that supplementation with L-Arg or L-Cit could be detrimental rather than beneficial. To evaluate the possibility that NO-independent mechanisms may be involved in the renal complications, future studies should determine the effects of supplementation with L-Arg or L-Cit on renal polyamine metabolism in diabetes.
In contrast with the present results, a recent report (24) concluded that oral L-Cit supplementation is beneficial in STZ-induced DN in a different mouse strain (C57BL/6). It should be noted, however, that C57BL/6 mice are nephropathy resistant and that L-Cit supplementation in that report was nearly twice as long as in the present study (16 vs. 9 wk) and that amino acid levels in the plasma or kidney were not determined. Nevertheless, the different results are perplexing and remain unresolved. Whether the different results obtained with supplementation in these studies reflect differences in the rodent models used or in some other element(s) of the experimental systems remains to be determined.
